Abstract: Microbial associations with plants are widely distributed and are structured by a number of biotic and physical factors. Among biotic factors, the host plant genotype may be integral to these plant-microbe interactions. Trees in the genus Populus have become models for studies in scaling effects of host plant genetics and in plant-microbe interactions. Using 454 pyrosequencing of the 16S rRNA gene, we assessed the foliar bacterial community of 7 genotypes of mature trembling aspen trees (Populus tremuloides Michx.) grown in a common garden. Trees were selected based on prior analyses showing clonal variation in their concentration of chemicals conferring resistance against insect herbivores. At broad taxonomic designations, the bacterial community of trembling aspen was similar across all plant genotypes. At a finer taxonomic scale, the foliage of these trees varied in their community composition, but there was no distinct pattern to colonization or abundance related to plant genotype. The most abundant operational taxonomic units (OTUs) were classified as Ralstonia, Bradyrhizobium, Pseudomonas, and Brucella. These OTUs varied across the common garden, but there was no significant effect of host plant genotype or spatial position on the abundance of these members. Our results suggest that aspen genotype is less important in the structuring of its foliar bacterial communities than are other, poorly understood processes.
Introduction
Plant-microbe symbioses are ubiquitous in natural ecosystems and occur among all plant organs (Compant et al. 2011; Schulz and Boyle 2005) . Both fungal and bacterial associates can be located on the plant surface (Mercier and Lindow 2000; Osono 2008) or in vascular tissue (Hallmann et al. 1997) . Often these symbiotic relationships do not have any apparent effects on the host (Faeth and Fagan 2002) , but other relationships range from pathogenic to mutualistic (Saikkonen et al. 1998) . In plant foliage, benefits may arise from these associations through production of plant growth promoters (Altomare et al. 1999; Compant et al. 2010 ), resistance to abiotic stressors (Ruiz-Lozano et al. 1995; Sziderics et al. 2007 ), production of insecticidal defenses (Schulz et al. 2002) , and inducible defense priming against both necrotrophic and biotrophic organisms (Balint-Kurti et al. 2010; Conrath et al. 2006) . Different symbiotic microbial species and strains can elicit unique plant responses to various environmental interactions (Klironomos 2003) .
Numerous biotic and abiotic factors influence the microbial colonization of host plants. Geographic location (Gottel et al. 2011; Knief et al. 2010; Redford et al. 2010) , nutrient characteristics and availability (Mercier and Lindow 2000) , access to water (Beattie and Lindow 1994) , temperature (Brandl and Mandrell 2002) , UV light (Kadivar and Stapleton 2003) , and temporal variation (Redford and Fierer 2009) are among the principal abiotic factors shown to influence microbial associations with plants. Features of both the host and microbe, and their interactions, can affect the degree of the association. Genetic variation of the microbiota (Achouak et al. 2004; Weyens et al. 2011) , responses of microbiota to plants secretions (De-la-Peña et al. 2012) , as well as plant species and genotype can be key components in structuring fungal (Bailey et al. 2005; Bever et al. 1996; Pan et al. 2008 ) and bacterial commu-nities (Bulgarelli et al. 2012; Redford et al. 2010) . Plant phenotypic traits that can affect microbial associations include leaf characteristics (Hunter et al. 2010; Reisberg et al. 2013 ) and chemical composition of foliage (Ruppel et al. 2008; Yadav et al. 2005) .
Trees of the genus Populus have emerged as models for studying the effects of host genetics on environmental processes (e.g., DeWoody et al. 2013; Lindroth et al. 2007; Whitham et al. 2006) and of plant-microbe interactions (van der Lelie et al. 2009 ). Populus includes some of the most widely distributed and ecologically and economically important tree species in the Northern Hemisphere (Stettler et al. 1996) . Plant genotype has been shown to mediate Populus interactions with fungal colonizers of foliage (Bailey et al. 2005) , endophytic bacteria (Ulrich et al. 2008) , lichens (Lamit et al. 2011) , and belowground interactions with both bacteria and mycorrhizal fungi inhabiting the rhizosphere (Schweitzer et al. 2008; Shakya et al. 2013) . Plant secondary chemistry can be an important factor in mediating fungal endophyte associations (Bailey et al. 2005 ). Populus produce 2 major groups of defense chemicals, condensed tannins and phenolic glycosides (Lindroth and Hwang 1996; Lindroth and St. Clair 2013) , which vary considerably among genotypes (Holeski et al. 2012; Hwang and Lindroth 1997; Osier and Lindroth 2001) . These compounds have differential effects on biotic threats, whereby phenolic glycosides exert stronger adverse effects on herbivores, particularly Lepidoptera (Hwang and Lindroth 1997) , and condensed tannins have been correlated with inhibition of phytopathogenic fungi (Holeski et al. 2009 ).
In a recent study, bacteria of trembling aspen (Populus tremuloides Michx.) were shown to mediate interactions between the lepidopteran folivore gypsy moth (Lymantria dispar L.) and the Populus defense chemicals phenolic glycosides . In this study, we aimed to assess whether aspen genotypes known to vary in foliar defense chemistry influence bacterial community composition. We hypothesized that different plant genotypes growing in the same environment would harbor different bacterial communities. We used a common garden approach to test this hypothesis using 7 aspen genotypes. We conducted bacterial 454 pyrosequencing using the 16S rRNA gene of DNA extracted from the foliage tissue sampled from these trees, including both external (epiphytic) and internal (endophytic) associates in our communities.
Methods

Site description and sample collection
Aspen leaves were sampled from genotypes grown in a 10-yearold common garden at the University of Wisconsin-Madison Arlington Agricultural Research Station. Details of the plot layout and establishment are in Holeski et al. (2009) . Briefly, genotypes were arranged in a randomized complete block design with individual trees spaced 3 m apart (Fig. 1) . The common garden contained 12 aspen genotypes, and we selected a subset of 7 that are known to provide a range of plant chemistries based on previously published work (Holeski et al. 2009; Hwang and Lindroth 1997) .
Fully expanded leaves were collected in early June 2012. A single ramet from the lowest branch (3-4 m) was removed from the north side of trees with pole pruners. Seven undamaged leaves showing no symptoms of herbivory or diseases were removed. Leaves were detached at the petiole and placed into one sterile plastic bag for each tree. Leaves were transported to the laboratory on ice, flash frozen, and stored at -80°C until DNA extraction.
DNA extraction
Whenever possible, tissues were processed using reagents and other disposable materials that were certified free of DNA. All DNA extractions were conducted in a laminar flow hood. Samples were processed randomly in 3 blocks. Each block contained a full column of samples. Leaves were homogenized in liquid nitrogen in a mortar and pestle. Mortars and pestles were sterilized with 2% bleach, rinsed with autoclaved water, autoclaved, and baked at 250°C overnight. A 250-400 mg mass of ground leaf material was added to sterile 2 mL screw-cap microcentrifuge tubes, after which 500 L of preheated (65°C) cetrimonium bromide buffer was added. Samples were incubated at 65°C for 1 h, and homogenate was vortexed every 15 min. After incubation, an equal volume of phenol -chloroform -isoamyl alcohol (2424:1) was added, samples were briefly vortexed, and centrifuged at 4°C. Supernatant was collected, transferred to a fresh tube, and an equal volume of chloroform -isoamyl alcohol (24:1) was added. Samples were centrifuged, supernatant was collected, and an equal volume of cold 100% isopropanol was added and incubated overnight at -20°C to precipitate DNA. DNA was pelleted and rinsed twice with 70% ethanol before eluting in sterile TE (10 mmol/L Tris-HCl, 1.0 mmol/L EDTA; pH 8.0).
16S rRNA gene amplification
PCR and sequencing conditions followed protocols detailed in Hanshew et al. (2013) . Briefly, the V6-V8 region of the 16S rRNA gene was amplified using the primers 799F-mod6 and 1392R. Triplicate PCRs were conducted using 25 ng of template DNA, 0.25 L of Herculase II DNA polymerase (Agilent, Santa Clara, California), 1.0 nmol/L dNTPs, 0.5 L of DMSO, 5 L of buffer, 300 nmol/L forward and reverse primers, and water totaling a final volume of 25 L. Reaction conditions were as follows: 95°C for 2 min, 30 cycles of 95°C for 20 s, 48°C for 30 s, 72°C for 30 s, and a final elongation of 72°C for 3 min. PCR products were pooled and gel-extracted with a Zymoclean Gel DNA Recovery kit (Zymo Research, Irvine, California). A second PCR was completed using 2 L of the recovered PCR product. Primers in the second PCR contained the A and B adaptors required for 454 sequencing along with 5 bp multiplex identifiers (MIDs). PCR conditions were identical except only 10 cycles were performed. The ϳ700 bp products were purified by gel extraction and quantified by an Invitrogen Fig. 1 . Plot layout of the aspen genotypes selected for this study. Trees were planted 3 m apart in both x and y coordinates. Trees were selected from every other column, with the exception of one from column 2 (DAN1), because of tree mortality from the first column. Locations of the 2 trees excluded from the statistical analyses are not present in the figure. Samples are arranged in this and in subsequent figures by increasing phenolic glycoside concentration as evaluated by Holeski et al. (2009) .
Qubit Fluorometer (Life Sciences, Grand Island, New York). Equimolar concentrations of samples were diluted and pooled for 454 pyrosequencing. The 454 pyrosequencing was completed on a GS-Junior (Roche, Indianapolis, Indiana) using modifications described in Hanshew et al. (2013) .
data processing
The 454 16S rRNA amplicon data were processed in mothur version 1.32.0 following recommendations outlined in the Schloss standard operating procedures (Schloss et al. 2009 (Schloss et al. , 2011 . Data were denoised via PyroNoise. Sequences were processed to allow for no differences in MIDs and primers, no homopolymer exceeding 6 nucleotides, and a minimum length of 200 nucleotides. Sequences were aligned to the SILVA SEED database, and a singlelinkage preclustering step implemented in mothur was conducted to reduce sequencing errors (Huse et al. 2010 ). Chimeras were detected using UCHIME and discarded (Edgar et al. 2011 ). Sequences were classified using a mothur formatted Ribosomal Database Project training set (version 9.0) at an 80% confidence threshold (Wang et al. 2007 ). Sequences classified as chloroplast, eukaryotic, or unknown at the Kingdom taxonomic level were removed from further analyses. Operational taxonomic unit (OTU) analyses were conducted by clustering sequences using the mean neighbor algorithm at 97% similarity. Samples were randomly subsampled to 2500 sequence reads. Diversity metrics of OTUs were computed at this time using the standardized data.
Statistical analyses
Dissimilarity matrices were computed in mothur using the Bray-Curtis dissimilarity index and the Jaccard similarity coefficient. Bray-Curtis dissimilarities incorporate abundance, and Jaccard distances use member presence or absence. The pair-wise distances were used to conduct nonmetric multidimensional scaling (MDS) in PRIMER-E version 6.0. A permutation-based MANOVA was conducted between samples in PRIMER using Bray-Curtis and Jaccard dissimilarities with plant host genotype as a fixed effect. The PERMANOVA was conducted using 9999 permutations with Type I sums of squares.
Diversity metrics, individual OTUs, and spatial analysis of individual OTUs were analyzed in the R version 3.0.1 programing environment. Trends of the most abundant individual OTUs were analyzed with an ANOVA. OTU abundances were analyzed with an ANOVA using genotype as fixed effects. OTUs that did not meet the assumption of normality were log(y + 1) transformed prior to analysis. Spatial patterns for the 4 most abundant OTUs within the garden were assessed with visual mean abundance (Fig. 4) and semivariogram plots (supplemental Fig. 2 1 ) . Visual abundance plots for each OTU were created by colorimetrically overlaying mean aggregated OTU abundance for each tree as it positioned in our samples. Semivariograms for the 4 most abundant OTUs were calculated (including all genotypes) at a maximum distance of half the garden (15 m) and using the geoR package version 1.7-4.
Deposition of sequences
All sequences obtained in this study were deposited in the NCBI Sequence Read Archive under the accession No. SRP048670.
Results
After curation and quality control, 16S rRNA gene pyrosequencing yielded 159 017 total sequences. The number of sequences per sample ranged from 990 to 7669 prior to subsampling. Two samples were discarded at the subsampling procedure. One had a low number of sequences compared with the other samples. The other was dominated by 1 OTU that was classified as a putative phytoplasma and was considered an outlier to the remainder of the samples.
The number of OTUs in individual samples ranged from relatively low (15) to comparatively diverse (86), with an mean of 34.6 (standard error = 2.68). Estimates of sampling depth indicated the number of sequences obtained for the study was sufficient (supplemental Fig. 1 1 ) . OTUs richness was not influenced by genotype of the host tree (F [6, 33] Taxonomic designations of sequences at order-level classification did not reveal distinct differences of foliar bacterial composition among genotypes (Fig. 2) . Ten orders comprised the majority of abundance, with unclassified bacteria comprising approximately 8% of the total. Burkholdariales was the most prevalent order across all samples. Some trends appeared to be present, so multivariate analyses on the OTUs were conducted. MDS plots were generated using the distance matrices constructed from OTUs using Bray-Curtis dissimilarities and Jaccard index dissimilarities. MDS plots indicated no clear grouping of samples by genotype (Fig. 3) . A PERMANOVA indicated that genotype did not influence community membership (Jaccard dissimilarities; Pseudo-F [6, 33] = 0.979, P = 0.609) or structure (Bray-Curtis dissimilarities; Pseudo-F [6, 33] = 0.854, P = 0.860). However, some clustering appeared to occur among some samples of WAU2 and SAU3 genotypes (Fig. 3B) .
Although there was no clear difference in bacterial membership for the community as a whole, we assessed whether genotype effects were present among individual members. We analyzed the influence of genotype on the 4 most abundant individual OTUs, which comprised between 20% and 90% of the relative abundance with an mean of 50% across all samples. At the genus level, these OTUs were classified as Ralstonia, Brucella, Pseudomonas, and Bradyrhizobium (Figs. 4A-4D ). None of these OTUs were affected by host plant genotype (P > 0.30), with the exception of Pseudomonas, where the effect was marginal (log(y + 1) transformed; F [6, 33] = 1.969, P = 0.099).
We evaluated the influence of sample position on the abundance of these OTUs to evaluate potential spatial effects (supplemental Fig. 2 1 ) . Ralstonia OTUs varied in abundance across the common garden, but there was no statistically significant effect (Fig. 4E) . Similar patterns were present with the Brucella and Bradyrhizobium OTUs (Figs. 4F and 4H ). The Pseudomonas OTUs had higher abundances in the 2nd and 3rd columns that were sampled than elsewhere in the plot (Fig. 4G) . In these columns, abundances were highest when associated with 2 trees of the aspen genotype SAU3. Elsewhere in the plot, the SAU3 genotype did not have high abundances.
Discussion
We evaluated the influence of host plant genotype on foliar bacterial community composition in a common garden of trembling aspen. Genotype did not exert strong effects on either the entire community or individual OTUs (Figs. 3 and 4) . Although the abundances of OTUs varied throughout the common garden, a spatial pattern of the OTUs was not detected in our survey ( Fig. 4 ; supplemental Fig. 2 1 ) . These results suggest that if the trembling aspen genotype influences the commensal bacteria associated with foliage, it is minor compared with other environmental and biological factors. The bacterial consortium of trembling aspen is quite consistent at both the order and OTU levels, and some features of the aspen leaf environment may influence the composition of these communities.
Contrary to our hypothesis, host plant genotypes of varying secondary chemical composition did not influence the bacterial consortia associated with foliar tissues. These results can be influenced by both taxonomic and spatial scales of the analysis. While amplicon sequencing is an excellent tool for community analyses, its limited taxonomic resolution can obscure variation among bacterial populations. The possibility that a spatial influence at the plot scale obscured potential genotypic differences was not supported. This is perhaps not surprising, as differences in tree phyllosphere communities have been shown to occur over much larger scales (Finkel et al. 2011 (Finkel et al. , 2012 Rastogi et al. 2012) , where the environment is an important modulator. It is also likely that the limited effects of genotype on community assemblages arise partially from the compartmentalization of the major phytochemicals of aspen within vacuoles, which limits exposure with phyllosphere residents.
Defense chemicals, such as phenolic glycosides and condensed tannins, are compartmentalized in the vacuoles of foliar cells (Lees et al. 1993; Wink 1993) . This compartmentalization may serve as a barrier to the phyllosphere bacteria, as they would predominantly reside in the external portions of cells on the foliar surface or in the vascular tissues. This contrasts with some other systems, in which the plants exude metabolites through glands onto the foliar surface, coming into direct contact with the microorganisms (Yadav et al. 2005; Finkel et al. 2011 Finkel et al. , 2012 . Likewise, exudates from root tissues of some plants can structure rhizosphere bacterial communities, but in Populus, root communities are only weakly explained by host plant genotype (Shakya et al. 2013) . The genotypes we selected did not have foliar exudates. Thus, other members of Populus and Salicaceae that exude foliar and extrafloral secretions might yield different results (Greenaway et al. 1992; Thadeo et al. 2008) . Overall, it seems likely that specieslevel features of trembling aspen may be more important in 1 Supplementary data are available with the article through the journal Web site at http://nrcresearchpress.com/doi/suppl/10.1139/cjm-2014-0362. affecting bacterial community composition than intraspecific nuances of foliar chemistry and physical characteristics. The most abundant bacterial OTUs found within the common garden are known to be plant and environmentally associated microbes. These and other members of the same bacterial phyla and families have been frequently associated with plants (Vorholt 2012) , including trembling aspen foliage . Almost all of the abundant OTUs were distributed throughout the common garden plot (Figs. 4E-4H ), suggesting sources that seed the community, whether they reside internally or externally, are accessible to the foliar tissue. Several of the detected OTUs are environmental microbes but have seldom been encountered in phyllosphere community analyses. Other studies using cultureindependent techniques have found other members dominating the phyllosphere. For example, predominant OTUs of phyllosphere communities have included Bacillus, Pseudomonas, Burkholderia, Pantoea, and Methylobacterium (Vorholt 2012; Finkel et al. 2012; Rastogi et al. 2012; Redford and Fierer 2009 ). There are several potential explanations for this result. First, in contrast to most studies that have focused on epiphytic communities, we assessed total bacterial communities, including both external and internal members. A second possibility involves the issue of DNA kit reagent contamination (Salter et al. 2014) . We cannot entirely exclude the possibility of kit contamination, but our detection of similar consortia from foliage using different DNA extraction procedures , and our detection of communityspecific relationships using the same reagents , lends confidence to our results. As recommended by Salter et al. (2014) , future studies should include additional controls to address such concerns.
These results suggest that host plant genotype has an overall minor effect on the total bacterial community composition of aspen foliage. Future studies should investigate how foliar morphological characteristics and interactions among microbes affect bacterial community composition. The dynamics of these consortia should also be assessed through time. The influence of herbivory on releasing defense chemicals from vacuoles, and thus potentially influencing microbial associates, should also be investigated. Given the ability of bacterial associates to strongly mediate interactions between plants and herbivores , understanding how variation in host plant characteristics can influence bacterial communities is particularly important to understanding plant-herbivore-microbe relationships and their implications to both evolutionary theory and resource management.
